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Six  super-a2  titanium  aluminide  "pancakes"  were  produced  by  rapid  omnidirectional  compaction  of  prealloyed 
Ti-25Al-10Nb-3V-lMo  (at%)  powder.  The  P-transus  temperature  was  found  to  be  about  1,090°C  (1,990°F).  The 
alloy  was  heat-treated  with  four  different  schedules  to  develop  various  structure  combinations  of  a2  and  p,  and 
followed  by  a  series  of  microstructural  analyses  and  mechanical  property  determinations.  The  highest  ultimate 
tensile  and  yield  strengths  attained  at  room  temperatures  were  1,174.9  and  977.7  MPa  (170.4  and  141.8  ksi), 
respectively.  However,  the  elongation  was  less  than  2%.  The  alloy  also  showed  good  stress  rupture  resistance.  It 
was  observed  that,  under  otherwise  similar  conditions,  ductility  increased  with  the  aspect  ratio  of  the  a2  phase  but 
the  tensile  strength  is  inversely  related  to  the  aspect  ratio.  During  the  tensile  and  stress  rupture  tests,  multiple 
transverse  cracks  nucleated  in  the  longitudinal  direction  on  the  specimen  surface  and  within  the  specimen 
simultaneously.  Cracks  nucleated  randomly  throughout  the  fine  a2  /p  matrix,  coarse  primary  a2  phase,  or  the 
boundaries  between  the  o2  /p  matrix  and  primary  a2.  No  preferential  crack  nucleation  sites  could  be  found.  The 
coalescence  of  cracks  at  the  same  horizontal  plane  (transverse  to  the  applied  stress)  was  the  fracture-controlling 
factor.  Colony-type  intergranular  fracture  v*ith  ductile  microvoids  was  predominant  in  the  stress-ruptured  surface, 
however  either  colony-type  intergranular  or  sheared  transgranular  fracture  dominated  the  tensile  fracture 
depending  on  the  grain  morphology.  Compared  with  a  similar  hot  isostatically  pressed  material,  the  current  alloy 
showed  superior  mechanical  properties  due  to  a  finer  microstructure. 
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INTRODUCTION 


The  integrated  high  performance  turbine  engine  technology  (IHPTET)  and  national 
aerospace  plane  (NASP)  programs  exemplify  the  need  for  new  high  temperature  materials,  and  their 
success  depends,  to  a  large  extent,  on  the  development  of  new  materials  and  processing  technology 
[1-3].  The  low  density,  high  modulus,  and  persistent  high  temperature  strength  of  titanium 
aluminide  alloys  make  them  attractive  candidates  for  applications  at  high  temperatures  in  advanced 
gas  turbine  engines.  However,  poor  room  temperature  ductility  dramatically  restricts  their  otherwise 
great  potential  [4,5].  The  addition  of  Nb  stabilizes  the  bcc  Q  phase  and  suppresses  the  bcc  to  hep 
martensitic  transformation  [6],  and  subsequently  improves  the  ambient  temperature  ductility  [7]. 
The  development  of  the  super-c^  titanium  aluminide  alloy  promises  a  new  engineering  material  for 
the  aerospace  industry.  Studies  on  microstructure  [8],  processing  [9],  fatigue  crack  growth 
behavior  [10],  fracture  and  toughness  mechanism  [11,  12],  weldability  [13]  and  hot  deformation 
characteristics  [14]  of  this  alloy  have  been  reported.  The  current  study  is  focused  on  the  structure 
and  properties  of  super-a2  titanium  aluminide  consolidated  by  rapid  omnidirectional  compaction 
(ROC)  using  prealloyed  powder. 


MATERIALS  AND  PROCESSES 


Materials 

The  material  used  for  this  study  is  a  titanium  aluminide  alloy,  Ti-25Al-10Nb-3V-lMo  (at%) 
[Ti-14.1Al-19.5Nb-3.2V-2Mo  (wt%)].  The  binary  Ti-Al  [15]  and  the  pseudo-binary  Ti3Al-Nb 
[16]  phase  diagram  are  shown  in  Figures  1  and  2.  Oj,  an  ordered  hexagonal  phase  based  on  Ti3Al, 
has  a  DO, 9  structure  as  shown  in  Figure  3  [17], 

The  initial  prealloyed  electrode  was  prepared  by  induction  skull  melting  at  the  Durion  Co., 
Dayton,  OH.  The  powder  was  atomized  by  the  plasma  rotating  electrode  process  (PREP)  at 
Nuclear  Metals,  Inc.,  Concord,  MA.  In  the  process,  a  helium  plasma  is  used  to  melt  the  end  of  a 
spinning  electrode  bar.  Molten  metal  droplets  are  spun  off  and  solidify  in  flight  in  the  helium 
atmosphere.  The  PREP  powder  features  a  spherical  shape  with  low  oxygen  content  compared  with 
other  atomization  processes.  Subsequently,  the  powder  was  consolidated  at  Ladish  Corp.  into  six 
pancakes  by  ROC  at  1,052°C  (1,295°F)  for  15  seconds  at  a  60  tsi  (827.4  MPa/120  ksi)  pressure. 
The  dimensions  of  the  pancakes  are  16.5  cm  (6.5  in)  in  diameter  by  7.0  cm  (2.75  in)  thick  with  a 
weight  of  approximately  7.7  kg  (17  lb).  The  relatively  low  thermal  exposure  given  the  powder 
during  ROC  processing  results  in  retention  of  a  very  fine  microstructure  inherent  from  PREP 
powder  and  the  development  of  excellent  mechanical  properties  [18].  The  average  measured 
density  of  these  six  pancakes  is  4.735  g/cc  (0.170  lh/in3)  [19].  The  detailed  density  data  along  with 
other  information  regarding  each  individual  pancake  are  listed  in  Table  1.  The  chemical  analysis  of 
the  material  at  various  process  stages  is  summarized  in  Table  2. 

Rapid  Omnidirectional  Compaction 

Cost  is  always  a  concern  for  the  manufacturing  industry.  Powder  metallurgy  provides  a  low 
cost  process  for  mass  production.  ROC  is  a  powder  metallurgy  consolidation  process  which  is 
particularly  effective  for  rapidly  solidified  hard  intermetallic  alloys  with  inherent  fine 
microstructure.  Processing  steps  of  a  typical  ROC  are  shown  in  Figure  4  [  18].  First,  the  fluid  die 
components  are  forged  and  machined  for  cast;  after  die  assembling,  the  cavity  is  filled  with  powder 
and  the  die  sealed.  The  whole  fluid  die  assembly  containing  the  powder  is  preheated  and  then 
consolidated  in  a  forge  press.  The  powder  is  omnidirectionally  compacted  during  this  process,  the 
externally  applied  force  from  a  uniaxial  ram  crates  a  hydrostatic  pressure  which  typically  ranges 
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Table  1.  Density  [19] 


Pancake 

Measured 
Density 
g/cc  (lta/in3) 

m 

Impurity  (ppm) 

O 

N 

Fe 

miQxzm 

4.735  (0.170) 

850 

57 

NA 

1  2  (APQ-3) 

4.735  (0.170) 

NA 

NA 

NA 

NA 

■ma 

4.736  (0.170) 

NA 

NA 

NA 

NA 

4  (APQ-5) 

4.739  (0.171) 

NA 

NA 

NA 

NA 

4.735  (0.170) 

PREP  -35 

880 

63 

NA 

4.732  (0.170) 

PREP  -35 

850 

70 

580 

4.735  (0.170) 

NA 

NA 

NA 

NA 

*  less  than  35  mesh 


Table  2.  Chemical  analysis  of  the  material  at  various  stages  [19] 


Material 

Form 

Element  (wt%) 

A1 

Nb 

V 

Mo 

O 

Fe 

Aim 

14.1 

19.5 

3.2 

2 

- 

0 

Electrode 

13.4 

18.8 

3.01 

1.81 

0.072 

0.046 

Powder 

12.8 

19.2 

3.10 

1.91 

0.082 

0.069 

Pancake 

NA 

NA 

NA 

NA 

0.086 

NA 

from  345  to  890  MPa  (50  to  130  ksi).  The  fluid  die  is  removed  after  consolidation  by  chemical 
and/or  mechanical  methods.  The  finished  parts  are  usually  fully  dense  with  a  fine-grained 
microstructure.  For  some  powders,  preheat  temperatures  are  about  the  same  as  for  hot  isostatic 
pressing,  but  other  materials  can  be  ROC'ed  at  temperatures  that  are  several  hundred  degrees 
Fahrenheit  cooler  than  hot  isostatic  pressing  temperatures.  Thermally  sensitive  materials  such  as 
rapidly  solidified  powders  can  still  retain  their  metastable  microstructures  with  resultant  property 
benefits  due  to  the  shorter  exposure  at  a  lower  temperatures  for  the  ROC  process.  In  addition  to  a 
fine-grained  structure  and  the  excellent  dimensional  control,  the  ROC  process  can  also  have 
relatively  lower  production  costs,  typically  50%  of  those  of  hot  isostatic  pressing,  provided  an  in- 
place  forging  press  is  available. 

The  microstructure  of  as-ROC’ed  pancake  samples  pressed  as  above  show  a  mixture  of  (X2 
+  P  phases.  As  shown  in  Figure  5,  the  primary  02  grains  are  spread  throughout  the  P  matrix  in 
which  some  acicular  o ^  has  also  been  precipitated. 

Heat  Treatment 

A  series  of  heat  treatments  was  conducted  on  slices  cut  from  the  pancakes.  Image  analysis 
of  02  phase  was  used  to  determine  the  P  transus  temperature.  The  results  are  summarized  in  Table 
3.  We  conclude  that  the  p  transus  temperature  is  about  1,090°C  (1,990°F). 

Selected  macrographs  are  shown  in  Figures  6-9.  In  Figures  6  and  7,  for  a  sample  heat 
treated  at  1,093°C  (2,000°F)  for  one  hour,  only  a  very  limited  amount  of  a2  phase  is  scattered 
throughout  the  P  matrix.  The  distribution  of  a2  phase  is  not  uniform  and  suggested  some 
segregation  along  grain  boundaries.  This  agglomeration  of  02  phase  is  due  to  the  grain  boundary 
"pipe  diffusion"  effect  of  oxygen,  an  alpha  stabilizer.  A  clear  edge  (surface)  effect  can  also  be 
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Figure.  4.  Steps  of  a  typical 
rapid  omnidirectional 
compaction  process  [18]. 
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Figure.  5.  Microstructure 
of  as-ROC’ed  material. 


Figure.  6.  Microstructure 
of  a  sample  heat  treated  at 
l,093°C  (2,000°F)  for  one 
hour;  scattered  Ok  phase  is 
found  throughout  the  matrix, 
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Figure.  7.  Edge  effects 
observed  in  a  sample  heat 
treated  at  1,093°C  (2,000°F) 
for  one  hour. 


Figure.  8.  Microstructure 
of  a  sample  heat  treated 
below  the  (3-transus 
temperature  at  1,071°C 
( l  ,9<50oF)  for  one  hour, 
a  large  amount  of  primary 
0(2  phase  is  observed. 


Figure.  9.  Profound 
edge  effect  found  in  a 
sample  heat  treated  at 
I,071°C  (l,960°F) 
for  one  hour. 
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observed.  A  sample  heat  treated  below  the  (J  transus  temperature  at  1,071°C  (1,960°F)  for  one  hour 
exhibited  a  large  amount  of  primary  a2  phase  in  the  matrix.  A  profound  edge  effect  was  also 
observed,  as  shown  by  comparing  Figures  8  and  9. 

Table  3.  Results  of  image  analysis  of  ct2  phase 


Solution  Temperature 
°C(°F) 

Time  (Hour) 

Relative  Volume  of  (*2  Phase 

% 

Standard  Deviation 

1,093  (2,000) 

1 

1.0 

1.4 

1,084(1,984) 

1 

5.5 

4.2 

1,071  (1,960) 

1 

7.3 

4.0  1 

1,071  (1,960) 

8.5 

11.7 

5.2 

1,039(1,902) 

1 

43.4 

5.8 

Profound  effects  of  alloy  composition  and  morphologies  of  the  constituent  phases  on 
mechanical  properties  are  expected.  The  best  ductility  is  usually  found  with  samples  that  are  p- 
stabilized,  air  cooled  then  aged  at  an  intermediate  temperature.  The  plate-like  ou  usually  ensures  a 
better  ductility,  while  an  equiaxed  02  structure  is  associated  with  lower  ductilities.  The  best  creep 
behavior  can  also  be  expected  from  samples  that  are  p  heat  treated  then  followed  by  intermediate 
cooling.  The  heat  treatment  schedules  listed  in  Table  4  and  plotted  in  Figure  10  were  followed  to 
find  the  microstructure  which  optimized  the  mechanical  properties.  Also  given  in  Table  4  is  the 
resultant  aspect  ratio  (the  ratio  between  the  length  and  the  width)  of  the  transformed  a2  phase 
(except  the  as-ROC'ed  material  where  the  aspect  ratio  refers  to  the  primary  The  first  heat 
treatment  cycle  started  with  an  exposure  above  the  P-transus  followed  by  a  Wi.  ^r  quench  and  a 
double  aging  treatment.  The  second  involved  a  solution  treatment  below  the  p-transus  with  a  direct 
quench  to  a  lower  aging  temperature.  The  third  sequence  involved  a  cycling  above  and  below  the  P- 
transus,  and  the  fourth  treatment  was  a  high-above  P-transus  solution  treatment  with  a  direct  quench 
to  a  lower  temperature  aging. 

Microstructural  analysis  of  the  heat  treated  specimens  revealed  very  different 
microstructures  as  shown  in  Figures  1 1-14.  Heat  treatment  1  (Figure  1 1)  produced  scattered  areas 
of  primary  02  in  a  mixed  (VP  matrix  with  well  defined  P  grains.  Heat  treatment  2  (Figure  12)  gave 
large  amounts  of  equiaxed  primary  02  along  with  fine  acicular  ctj  in  a  P  matrix.  No  P  grains  could 
be  detected  because  the  solution  temperature  was  below  the  P-transus  temperature.  Heat  treatment 
3,  cycled  above  and  below  the  P-transus  temperature,  resulted  in  a  transformed  colony-type  0C2 
structure  with  grain-boundary  02  present  as  exhibited  in  Figures  13(a)  and  (b).  Heat  treatment  4 
resulted  in  a  fine  Widmanstatten  appearance  as  shown  in  Figure  14.  No  porosity  was  observed  in 
the  as-ROC'ed  sample  or  any  of  the  heat-treated  samples.  A  notable  difference  was  observed 
between  samples  heat  treated  by  schedules  2  and  4  (Figures  12  and  14).  Coarse  equiaxed  primary 
02  with  no  P  grains  was  observed  for  schedule  2  in  contrast  to  clearly  defined  P  grains  containing 
fine  acicular  0(2  for  schedule  4.  0^  has  completely  transformed  to  the  P  phase  by  heat  treatments  3 
and  4  and  left  little  or  no  primary  Oi  phase  in  the  matrix. 


MECHANICAL  PROPERTIES 

Bulk  blanks  for  mechanical  property  test  specimen  were  machined  from  the  pancakes. 
After  heat  treatment,  the  specimens  were  finish-machined  into  5.72  cm  (2.25  in.)  long  Army 
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Figure.  13.  Plate-like  (X2  phase  in  a  sample  heat  treated  by  schedule  3,  showing  (a)  a  transformed 
colony-type  02  structure,  and  (b)  fine  acicular  aVP  matrix  with  coarse  a:  present  at  the  prior  (5 
grain  boundaries. 
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Figure.  14.  Fine 
Widmanstatten  structure 
with  clearly  defined  3 
grain  boundaries  observed 
in  a  sample  beat  treated 
by  schedule  4. 


Research  Laboratory-Materials  Directorate  (ARL-MD)  standard  TR-5  tensile  specimens  and  5.40 
cm  (2.125  in.)  long  ARL-MD  standard  TRC-6  tension  creep  specimens,  as  shown  in  Figure  15 
[20].  Room  temperature  tensile  tests  were  performed  on  specimens  for  each  of  the  four  heat- 
treatment  conditions  as  well  as  the  as-ROC'ed  material  using  a  88,964  N  (20  kip)  capacity  Instron 
with  a  22,241  N  (5,000  lb)  load  cell  and  a  crosshead  speed  of  0.127  cm/min  (0.05  in/min).  Tensile 
tests  were  also  performed  at  427°C  (800°F).  Stress  rupture  testing  was  performed  on  a  44,482  N 
( 10,000  lb)  capacity  stress  rupture  machine  at  a  temperature  of  649°C  ( 1 ,200°F)  with  a  stress  of  379 
MPa  (55  ksi).  For  the  stress  rupture  test,  specimens  were  brought  to  temperature  and  held  for 
approximately  30  minutes  before  the  load  was  applied.  Table  5  summarizes  the  measured 
mechanical  properties. 


Table  4.  Heat  treatment  schedule  and  the  resultant  aspect  ratio  of  a ^  phase 


masam 

■ 

Average  Aspect 
Ratio 

<p 

as-received  (as-ROC’ed) 

"3 

i 

1,093°C  (2,000°F)  x  2hr  +  water  quenched  + 
871°C  (1,600°F)  x  2hr  +  water  quenched  + 

760°C  ( 1 ,400°F)  x  4hr  +  air  cooled 

6 

2 

l,0o6°C  (1,950°F)  x  2  hr  + 

760°C  (1,400°F)  x  5  hr  +  air  cooled 

9 

3 

1,130°C  (2,066°F)  x  1  hr  + 

816°C(l,500°F)x  1.5  hr + 

1,130°C  (1,500°F)  x  1  hr  +  air  cooled 

10 

4 

1,140°C  (2,084°F)  x  1  hr  + 

816°C  (1^00°F)  x  4  hr  -t-  air  cooled 

5 

Table  5.  Mechanical  properties 


RoomTe 


<pA 


1A 


2A 


3A 


4A 


Tensile 


668.8  (97.0) 


797.8(115.7) 


miamm 


617.8  (89.6 


977.7  (141.8) 


Tensile 


497.1  (72.1) 


cisreMfil 


at  649°C/379  MPa  (l,200°F/55  ksi) 


857.7(124.4) 


E2$XUPl 


861.2(124.9) 


18.3 

8.0 

8.2 

10.1 

10.0 

37.6 

10.7 

9.1 

31.3 

10.1 

9.7 

20.0 

6.8 

NA 

33.7 
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(b) 

Figure.  1*5.  Specimen  dimensions  (a)  ARL-MD  TR-5  tensile  specimen,  and  (b)  ARL-MD  TRC-6 
tension  creep  specimen  [20]. 


For  sample  4A  heat  treated  by  schedule  4,  the  unusually  high  yield  strength  (YS)  and 
ultimate  tensile  strength  (UTS),  977.7  and  1,174.9  MPa  (141.8  and  170.4  ksi),  were  accompanied 
by  poor  room  temperature  ductility,  <2%;  this  is  a  consequence  of  the  presence  of  the  fine  acicular 
a2  phase.  The  tensile  strength  is  compromised  when  the  acicular  a2  coarsens,  while  room 
temperature  ductility  improves  as  indicated  by  sample  3A,  having  a  YS  and  a  UTS  of  617.8  and 
848.8  MPa  (89.6  and  123.1  ksi),  respectively,  and  a  reduction  of  area  (RA)  of  6.5%.  The  mixed 
structure  of  fine  acicular  transformed  a2  and  equiaxed  primary  a2  for  sample  2 A,  as  shown  in 
Figure  12,  provides  a  better  tensile  strength  than  specimen  3A  but  reduced  ductility;  note  the  higher 
YS  and  the  UTS  values,  but  the  decreased  RA. 

The  tensile  properties  at  elevated  temperature  follow  a  trend  similar  to  the  room  temperature 
properties.  Samples  4A  and  4B  show  the  highest  tensile  strength  at  both  room  and  high 
temperatures,  but  the  lowest  ductility.  The  ductility  increases  significantly  for  samples  3A  and  3B 
compared  with  4A  and  4B  because  the  acicular  phase  has  coarsened.  An  interesting  conclusion 
can  be  drawn  regarding  the  mechanical  properties  and  the  morphology  of  the  a2  phase.  Under 
otherwise  similar  conditions,  ductility  increases  as  the  aspect  ratio  increases  but  the  tensile  strength 
is  inversely  related  to  the  aspect  ratio  of  the  acicular  a2  phase  at  both  temperatures  considered. 
Evidence  of  these  observations  is  given  by  Figures  13  and  14  and  the  comparison  between  the 
tensile  strengths  between  samples  3A  &  4A,  and  3B  &  4B.  The  inferior  tensile  strength  of  samples 
1 A  and  2A  compared  with  4A  is  attributable  to  the  coarse  primary  oc?  phase.  It  is  also  interesting  to 
compare  the  properties  and  microstructure  of  samples  <pA  and  3  A  or  cpB  and  3B.  The  as-ROC'ed 
material  shows  a  roughly  equiaxed  primary  structure,  as  shown  in  Figure  5,  compared  with  a 
much  more  plate-like  structure  in  the  sample  heat  treated  by  schedule  3,  as  shown  in  Figure  13. 
Despite  the  coarse  microstructure  found  in  the  a^-ROC'ed  material,  the  <pA  and  (pB  samples 
demonstrate  better  YS  and  UTS  at  both  room  and  elevated  temperatures,  with  lower  ductility.  This 
further  supports  the  idea  that  the  geometrical  shape,  i.e.,  aspect  ratio,  has  a  profound  effect  on  the 
tensile  properties  and  can,  at  least  sometimes,  outweigh  the  effect  of  refined  microstructure. 

The  stress  rupture  properties  obtained  in  this  study  and  shown  in  Table  5  are  remarkable. 
Three  samples  1C,  2C  and  4C  had  a  failure  time  over  30  hours  when  tested  at  649°C  (1,200°F)  and 
379  MPa  (55  ksi).  Sample  3C  had  a  relatively  shorter  failure  time  20.0  hours.  It  is  also 
noteworthy  that  all  samples  show  relatively  good  ductility;  the  RA  values  for  samples  1C,  2C  and 
3C  are  all  above  10%  with  the  elongation  values  also  ranging  from  9.1  to  10.0%.  The  as-ROC'ed 
sample  had  a  lower  resistance  to  stress  rupture  because  of  the  coarser  primary  microstructure. 


FRACTURE  MECHANISMS 

Figures  16  and  17  show  longitudinal  (i.e.  parallel  to  the  load  axis)  cross  section 
microstructures  of  tensile  specimens  tested  at  427°C  (800°F).  They  both  show  a  flat  transverse 
fracture  surface  with  very  limited  secondary  cracks  immediately  underneath  the  fracture  surface 
indicating  a  single  dominant  crack.  For  the  as-ROC'ed  sample,  as  shown  in  Figure  16,  a  number  of 
transverse  cracks  were  nucleated  along  the  specimen  surface  in  the  vicinity  of  the  fracture  surface. 
Most  of  them  were  short  and  randomly  distributed  indicating  no  preferential  nucleation  sites.  More 
transverse  cracks  evenly  distributed  on  the  outer  specimen  surface  were  also  observed  for  samples 
heat  treated  by  schedule  2.  In  contrast  to  the  as-ROC'ed  specimen,  the  transverse  cracks  also 
occurred  farther  away  from  the  fracture  surface  indicating  a  dual  deformation  process  was  present 
during  the  test.  The  first  is  uniformly  distributed  throughout  the  specimen  in  the  longitudinal 
direction,  nucleating  cracks  and  contracting  specimen  diameter  almost  up  to  the  shoulders  of  the 
specimen;  the  second  is  a  localized  necking  process  only  observed  in  the  vicinity  of  the  final 
fracture  surface  as  shown  in  Figure  17.  In  addition,  a  large  number  of  irregularly  shaped  cavities, 
ranging  from  spherical  to  elongated,  nucleated  within  the  specimen  for  both  as-ROC’ed  and  heat- 
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Figure.  16.  Longitudinal  cross  section  of  a  failed  tensile  specimen  as-ROCed  and  tested  at  427°C 
(800°F),  showing  (a)  flat  transverse  fracture  surface,  with  multiple  transverse  cracks  in  the 
longitudinal  direction  on  the  specimen  surface  and  microvoids  nucleated  within  the  specimen,  and 
(b)  bridging  of  two  cracks  at  the  same  horizontal  plane. 


Figure.  17.  Microstructure 
of  a  failed  tensile  specimen 
heat  treated  by  schedule  2 
and  tested  at  427°C  (800°F), 
showing  a  necked,  flat  fracture 
surface  and  multiple  transverse 
cracks  on  the  outer  specimen 


treated  (by  schedule  2)  specimens.  These  crack  nucleations  sites  occurred  in  several  phase 
morphologies. 

Figure  18  shows  a  longitudinal  cross-section  microstructure  of  an  as-ROC'ed  stress  rupture 
specimen  tested  at  649  °C/379  MPa  (1,200  °F/55  ksi)  that  broke  after  8.2  hours.  During  the  test 
multiple  transverse  cracks  nucleated  both  on  the  specimen  surface  (edge)  and  within  the  specimen. 
No  longitudinal  cracks  were  detected  (see  Figures  18  and  19).  Most  transverse  cracks  nucleated  at 
the  specimen  surface  are  due  to  relatively  high  stress  concentration  resulting  from  surface 
roughness  (in  contrast  to  the  interior  smoothness).  These  surface  cracks  grow  competitively  in  the 
transverse  direction  and  some  eventually  coalesce  with  outwardly  growing  interior  cracks  to 
produce  final  failure.  Despite  the  fact  that  the  interior  cracks  were  few  in  number  and  scattered, 
some  are  actually  fracture-controlling  because  the  "small"  surface  cracks  have  to  coalesce  with 
interior  cracks  to  reach  the  critical  crack  length  for  propogation  leading  to  failure.  No  preferential 
crack  nucleation  sites  were  observed.  As  shown  in  Figure  20,  one  large  crack  on  the  the  left  side 
was  initiated  in  the  fine  a2  /p  matrix,  the  middle  crack  was  initiated  on  the  interior  boundary 
(interface)  between  coarse  primary  02  phase  and  fine  (X2  /(3  matrix,  the  third  major  crack  on  the  right 
side  was  initiated  in  a  cluster  of  coarse  a2  phase.  The  crack  propagation  rate  is  seemingly  slow  as 
indicated  by  the  short  length  of  surface  cracks  and  is  about  the  same  no  matter  where  they  were 
nucleated.  The  failure  is  controlled  by  the  interior  crack  nucleation  and  the  subsequent  linkage 
between  the  interior  and  surface  cracks.  When  multiple  cracks  happen  to  nucleate  in  the  same  plane 
in  the  specimen,  they  will  soon  coalesce  together  and  reach  the  critical  length  leading  to  the  final 
fracture.  The  grain  boundaries  of  prior  p  grains  were  not  necessarily  favorite  crack  nucleation  sites 
nor  preferred  paths  for  crack  propagation  as  shown  in  Figure  21. 

Similar  conclusions  can  also  be  drawn  from  Figure  22.  Cracks  were  randomly  nucleated 
throughout  a  variety  of  microstructure  morphologies.  The  frequency  of  crack  nucleation  and  the 
subsequent  crack  propagation  rate  are  about  the  same  among  coarse  primary  oij  phase,  fine  02  /P 
matrix,  prior  P  grain  boundary  and  the  boundaries  (interfaces)  between  these  various  phases.  Crack 
nucleation  and  propagation  were  predominantly  affected  by  the  direction  of  stress  (i.e.  tension)  and 
stress  concentration,  and  not  the  different  cohesive  strength  of  various  metallurgical  phases  and 
constituents. 

Table  6  summarizes  the  ffactographic  features  of  specimens  tested  in  various  conditions. 
The  prior  P  grain  size  for  a  post-tested  specimen  is  about  the  same  as  before  the  test  for  both  tensile 
and  stress  rupture  specimens.  In  the  stress  rupture  specimen,  microvoids  nucleated  during  the  test 
at  elevated  temperature  and  subsequently  coalesced  to  form  the  colonies  as  shown  in  Figures  23 
and  24.  The  colony  size  observed  in  the  scanning  electron  microscopy  (SEM)  fractographs  is 
about  200  pm,  about  five  times  larger  than  the  prior  P  grain  size.  This  indicates  that  the  stress 
rupture  test  nucleates  multiple  cracks  (in  several  prior  P  grains)  which  grow  simultaneously  and 
eventually  bridge  together  resulting  in  final  fracture.  The  nucleation  and  coalescence  of  microvoids 
are  heavily  dependent  on  temperature,  stress  and  the  exposure  time  period  exposed  to  these  elevated 
temperatures  and  high  stresses.  The  colony-type  fracture  is  less  well  defined  for  tensile  tests  at 
427°C  (800°F)  as  shown  in  Figures  25  and  26.  Ductile  dimples  and  microvoids  are  still  visible  in 
these  tensile  specimens,  however  a  shear  river  fracture  pattern  also  appears.  The  fracture  surfaces 
of  room  temperature  tensile  specimens  as-ROC'ed  show  predominantly  shear  river  fracture  pattern  - 
no  microvoid  or  colonies  can  be  observed.  However,  for  a  sample  heat  treated  by  schedule  2,  large 
(about  300  pm)  but  vaguely  defined  colonies  on  the  fracture  surface  were  observed  as  shown  in 
Figures  27  and  28.  These  variations  are  attributable  to  the  different  starting  microstructures.  The 
as-ROCed  specimen,  as  shown  in  Figure  5,  starts  with  a  primarily  coarse  02  structure  with  vaguely 
defined  p  grains.  On  the  other  hand  the  microstructure  of  the  specimen  heat  treated  by  schedule  2, 
as  shown  in  Figure  1 1,  has  a  mixture  of  well  defined  P  grains  and  primary  0(2  phase. 
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Figure.  18.  Longitudinal 
cross  section  of  a  failed 
stress  rupture  specimen 
as-ROCed,  showing  multiple 
transverse  cracks. 


Figure.  19.  Transverse 
fracture  surface  of  a  failed 
stress  rapture  specimen 
as-ROCed,  showing  no 
longitudinal  cracks. 
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Figure.  20.  Transverse 
surface  cracks  observed 
in  an  as-ROC’ed  stress 
rupture  specimen,  showing 
no  preferential  crack 
nucleation  sites. 


Figure.  21.  Crack 
coalescence  observed 
in  an  as-ROC'ed  stress 
rupture  specimen. 
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Figure.  22.  Randomly 
nucleated  cracks  observed 
in  an  as-ROC'ed  stress 
rupture  specimen. 


Table  6.  Features  of  fractographs 


Specimen 

- SEM - 

Optical 

cpB  ~ 

(Tensile  at  427°0800°F) 

shear  river  pattern, 
ductile  dimples, 
microvoids 

several  transverse  cracks  along 
the  specimen  surface  near  the 
fracture  cross-section  and 
irregular  cavities  within  the 
specimen 

<pC 

[Stress  rupture  at  649°C/379 
MPa(l,200°F/55  ksi)] 

transgranular  colony-type 
fracture, 

colony  size  *200  pm 

multiple  transverse  cracks 
randomly  nucleated, 
prior  ($  grain  size  *  40  pm 

2A 

(Tensile  at  RT) 

large  but  vaguely  defined 
transgranular  colony-type 
fracture, 

colony  size  *  300  pm 

- 

2B 

(Tensile  at  427°C/800°F) 

mixture  of  transgranular 
colony-type  &  intergranular 
shear  fracture, 
microvoids 

a  number  of  transverse  cracks 
along  the  surface  &  irregular 
cavities  within  the  specimen 

2C 

[Stress  rupture  at  649°C/379 
MPa(l,200°F/55  ksi)] 

mixture  of  transgranular 
colony-type  (interior)  and 
intergranular  shear 
(surface/edge)  fracture , 
microvoid  coalescence 

- 
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Figure.  23.  SEM 
fractographs  of  an 
as-ROCed  stress  rupture 
specimen,  showing 
a)  overall  view  of  colony-type 
fracture,  (b)  microvoids, 
and  (c)  close-up  examination 
at  higher  magnification. 


(a) 


(b) 
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Figure.  23.  SEM 
fractographs  of  an 
as-ROCed  stress  rupture 
specimen,  showing 
a)  overall  view  of  colony-type 
fracture,  (b)  microvoids, 
and  (c)  close-up  examination 
at  higher  magnification. 


Figure.  24.  SEM 
fractographs  of  a  stress 
rupture  sample  heat 
treated  by  schedule  2, 
showing  (a)  mixture 
of  colony-type  (center) 
and  shear  (edge)  fracture 

(b)  microvoids,  and 

(c)  close-up  examination 
at  higher  magnification. 


Figure.  24.  SEM 
fractographs  of  a  stress 
rapture  sample  beat 
treated  by  schedule  2, 
showing  (a)  mixture 
of  colony-type  (center) 
and  shear  (edge)  fracture, 

(b)  microvoids,  and 

(c)  close-up  examination 
at  higher  magnification. 


Figure.  25.  SEM 
fractographs  of  an 
as-ROCed  tensile 
specimen  tested  at 
427°C  (800°F),  showing 
(a)  vaguely  defined 
colonies,  (b)  mixture 
of  microvoids  and  shear 
fracture,  and  (c)  close-up 
examination  at  higher 
magnification. 


(a) 


(b) 


Figure.  25.  SEM 
fractographs  of  an 
as-ROC'ed  tensile 
specimen  tested  at 
427°C  (800°F),  showing 
(a)  vaguely  defined 
colonies,  (b)  mixture 
of  microvoids  and  shear 
fracture,  and  (c)  close-up 
examination  at  higher 
magnification. 


Figure.  26.  SEM 
fractographs  of  a 
tensile  sample  heat 
treated  by  schedule  2, 
tested  at  427°C  (800°F), 
showing  (a)  mixture  of 
transgranular  colony-type 
and  intergranular  shear 
fracture,  and  (b)  close-up 
examination  at  higher 
magnification. 
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Figure.  28.  SEM 
fractographs  of  a 
tensile  specimen 
heat  treated  by 
schedule  2,  tested  at 


room  temperature, 
showing  (a)  large  but 
vaguely  defined 
colony-type  fracture, 
and  (b)  microvoids 
and  shearing  trace. 


COMPARISON  BETWEEN  ROC'ED  AND  HIP'ED  MATERIALS 


A  similar  a2  alloy  modified  with  a  minor  addition  of  erbium  (Er),  Ti-25AI-10Nb-3V-0.3Er 
(at%),  was  converted  to  powder  using  the  PREP  technique  from  vacuum  arc  remelted  (VAR)  ingots 
in  an  earlier  study  [21].  This  study  found  that  the  effect  of  Er  is  negligible.  The  powder  was 
divided  into  three  groups  and  subsequently  consolidated  by  hot  isostatic  pressing  (HIP)  at 
temperatures  of  900,  1,010  or  1,120°C  (1,650,  1,850  or  2,050°F),  for  two  hours  at  a  pressure  of 
103.4  MPa  (15  ksi).  Following  a  series  of  heat  treatments,  the  mechanical  properties  were 
evaluated  at  both  room  and  elevated  temperatures.  At  room  temperature,  the  YS  and  the  UTS  range 
from  448.9  and  888.1  MPa  (65.1  and  128.8  ksi),  and  330.3  and  701.2  MPa  (47.9  and  101.7  ksi), 
respectively;  and  the  elongation  values  range  from  0.5%  to  5.9%. 

The  comparison  between  ROC'ed  and  HIP'ed  alloys,  as  shown  in  Table  7,  reveals  that  the 
ROC'ed  material  has  much  superior  mechanical  properties  at  both  room  and  elevated  temperatures. 
At  room  temperature  the  YS  is  about  50%  higher  and  the  RA  is  even  more  promising  for  the 
ROC'ed  material  compared  with  the  HIP'ed  counterpart,  a  maximum  of  6.5  versus  2.6%.  A  similar 
conclusion  can  also  be  drawn  at  elevated  temperature.  For  instance,  the  YS  and  the  UTS  for  the 
ROC'ed  material  range  from  406.1  to  71 1.6  MPa  (58.9  to  103.2  ksi)  and  792.9  to  1,139.1  MPa 
(1 15.0  to  165.2  ksi)  versus  528.8  to  533.7  MPa  (76.7  to  77.4  ksi)  and  557.1  to  689.5  MPa  (80.8  to 
100.0  ksi),  respectively,  for  the  HIP'ed  material.  The  most  striking  benefit  of  the  ROC  process 
comes  from  the  improvement  of  ductility.  At  427°C  (800°F),  the  RA  and  elongation  of  the  ROC’ed 
material  range  from  7.5  to  25.4%  and  6.7  to  22.8%  versus  1.3  to  5.8%  and  0.1  to  5.9%, 
respectively,  for  the  HIP'ed  material.  The  stress  rupture  properties  are  also  included  in  Table  7. 
The  ROC'ed  material  has  much  superior  stress  rupture  properties.  The  HIP'ed  material  virtually 
shows  no  resistance  to  stress  rupture  test  at  649°C/397.2  MPa  ( 1 ,200°F/55  ksi). 


Table  7.  Comparison  between  ROC'ed  and  HIP’ed  Materials 


Properties 

HHi  i  7,  prmr\ 

|  Room  Temperature  Tensile  | 

0.2%  YS 

617.8  -  977.7 

360.0  -  690.9 

MPa  (ksi) 

(89.6-141.8) 

(52.3  -  100.2) 

UTS 

848.8  -  1,174.9 

408.9  -  841.9 

MPa  (ksi) 

(123.1  -  170.4) 

(59.3-  122.1) 

RA(%) 

■^■■1 .  i  U 1 1 1 1 1 1 1 1 1 SHHI 

1.3 -2.6 

I3W  ■  1  W  !»1 1  \ 

<2 

0.2- 1.1 

1 427°C  (800°F)  Tensile 

0.2%  YS 

406.1  -711.6 

528.8  -  533.7 

MPa  (ksi) 

(58.9  -  103.2) 

(76.7  -  77.4) 

UTS 

792.9-  1,139.1 

557.1  -689.5 

MPa  (ksi) 

(115.0- 165.2) 

(80.8  -  100.0) 

RA  (%) 

7.5  -25.4 

1.3 -5.8 

6.7  -  22.8 

0.1 -5.9 

|  Stress  Rupture  at  649°C/397.2  MPa  (UOO°F/55  ksi) 

Time  to  failure  (hours) 

8.2  -  37.6 

0-0.2 

RA(%) 

6.8  - 18.3 

0-3.3 

8.0  -  10.0 

0.4 -2.1 

The  inferior  mechanical  properties  of  the  HIP'ed  material  can  be  partially  attributed  to  a 
coarser  microstructure,  resulting  from  a  longer  exposure  to  high  temperature,  2  hours  versus  15 
seconds,  during  the  consolidation  process. 
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SUMMARY  AND  CONCLUSIONS 

A  Ti-25Al-10Nb-3V-lMo  alloy  prepared  by  ROC  of  prealloyed  PREP  powder  shows 
superior  mechanical  properties  when  compared  with  HBP'ed  material  of  similar  composition.  The 
ductility  increases  with  an  increasing  aspect  ratio  of  the  (X2  phase,  however,  the  strength  is  inversely 
related  to  the  aspect  ratio.  In  general,  the  plate-like  a2  phase  provides  a  good  combination  of 
ductility  and  strength.  The  current  alloy  also  demonstrates  an  excellent  stress  rupture  resistance  at 
elevated  temperature.  Multiple  transverse  cracks  were  randomly  nucleated  along  the  specimen 
surface  and  within  the  specimen  during  tensile  and  stress  rupture  tests.  The  stress  rupture  failure  is 
controlled  by  the  coalescence  of  microvoids  and  the  bridging  between  simultaneously  nucleated 
cracks  on  the  same  plane.  Colony-type  fracture  was  observed  for  stress  rupture  and  tensile 
specimens  with  a  P  phase  microstructure.  For  stress  rupture  and  tensile  specimens  containing  P 
phase,  fracture  occurred  across  colonies.  The  average  colony  size  was  usually  five  to  seven  times 
larger  than  the  prior  p  grain  size  and  resulted  from  the  linkage  of  cracks  in  several  P  grains. 

This  project  has  helped  to  support  the  overall  goals  of  developing  new  super  high 
temperature  materials  applicable  up  to  or  even  above  871°C  (1,600°F)  in  the  next  decade. 
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